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The Microtubule-Destabilizing Kinesin XKCM1
Is Required for Chromosome Positioning
during Spindle Assembly
cell is that phenotypes associated with its global inhibi-
tion may predominate and mask its roles in specific
locations. The soluble pool of XKCM1 controls the global
polymerization dynamics of microtubules [4, 5]. Inhibi-
tion of XKCM1 in extracts results in enormous microtu-
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might be required specifically for controlling kineto-Germany
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Boston, Massachusetts 02115 a reagent that would perturb XKCM1 function at centro-
meres while leaving the other pools of XKCM1 undis-
turbed.
Summary
The N Terminus of XKCM1 TargetsXenopus kinesin catastrophe modulator-1 (XKCM1) is
to Centromeres and Disruptsa Kin I kinesin family member that uses the energy of
Chromosome AlignmentATP hydrolysis to depolymerize microtubules [1–3].
We rationalized that, like other kinesin-related proteins,We demonstrated previously that XKCM1 is essential
XKCM1 had distinct domains that might be important forfor mitotic-spindle assembly in vitro and acts by regu-
different functions, such as microtubule binding, cargolating microtubule dynamics as a pure protein, in ex-
binding, or dimerization [7]. We expressed glutathione-tracts and in cells [2, 4, 5]. A portion of the XKCM1
S-transferase (GST) fusion proteins containing the N-ter-pool is specifically localized to centromeres during
minal globular domain (GST-NT), the centrally locatedmitosis and may be important in chromosome move-
catalytic domain (GST-CD), and the C-terminal -helicalment. To selectively analyze the function of cen-
tail (GST-CT) (Figure 1A). The GST fusion proteins weretromere-bound XKCM1, we generated glutathione-
tested for their ability to affect spindle assembly in Xeno-S-transferase (GST) fusion proteins containing the
pus egg extracts. When the GST-NT protein was addedN-terminal globular domain (GST-NT), the centrally lo-
to extracts, it targeted to centromeres during spindlecated catalytic domain (GST-CD), and the C-terminal
assembly, suggesting that the N-terminal domain of
-helical tail (GST-CT) of XKCM1. The GST-NT protein
XKCM1 is sufficient for centromere localization (Figurestargeted to centromeres during spindle assembly,
1B and 1C). The spindles in extracts to which GST-NTsuggesting that the N-terminal domain of XKCM1 is
was added were morphologically normal and did notsufficient for centromere localization. Addition of GST-
resemble the large microtubule asters that are formedNT prior to or after spindle assembly replaced endoge-
when XKCM1 function is globally inhibited [4]. This sug-nous XKCM1, indicating that centromere targeting is
gests that the soluble pool of XKCM1 is not affected bya dynamic process. Loss of endogenous XKCM1 from
the addition of GST-NT. Neither GST-CD nor GST-CTcentromeres caused a misalignment of chromosomes
bound to the spindle when they were added to extracts,on the metaphase plate without affecting global spin-
and spindle formation was normal (our unpublisheddle structure. These results suggest that centromere
data).bound XKCM1 has an important role in chromosome
We noticed that the centromere staining of GST-NTpositioning on the spindle.
on spindles was not aligned on the metaphase plate.
Chromosome staining revealed that the addition of GST-
Results and Discussion NT resulted in spindles in which chromosomes were
displaced from the metaphase plate (Figure 1C), whereas
Xenopus kinesin catastrophe modulator-1 (XKCM1) and the addition of GST alone had no effect (Figure 1B). We
its mammalian homolog, mitotic centromere-associated quantified the percentage of spindles that had tightly
kinesin (MCAK), are essential microtubule-destabilizing aligned chromosomes at the metaphase plate versus
enzymes [2, 3]. The activity of XKCM1 is required for those structures that had misaligned chromosomes. In
maintaining the interphase array of microtubules and for the presence of control GST, the majority of spindles had
spindle assembly during mitosis [3–5]. The intracellular chromosomes aligned on the metaphase plate (76.8%
localization of XKCM1 is complex; there is a significant 6.0% aligned versus 20.3% 6.5% misaligned). In con-
soluble pool of XKCM1 in the cytoplasm, and subpopu- trast, there was a nearly 4-fold increase in the percent-
lations are found localized to centromeres and spindle age of spindles with misaligned chromosomes in the
poles [4, 6]. One complexity in understanding the func- presence of GST-NT (17.5%  10.7% aligned versus
tion of a protein that is found in multiple places in the 72.7%  8.1% misaligned). These data show that the
targeting of GST-NT to centromeres causes a significant
perturbation of chromosome position on the spindle.4 Correspondence: cwalczak@indiana.edu
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Figure 1. GST-NT Targets to Centromeres
and Causes Chromosome Misalignment
(A) Schematic drawing of an XKCM1 molecule
defining the N-terminal globular domain
(amino acids 1–263), the central kinesin-like
catalytic-core domain (263–592) and the
C-terminal -helical tail (593–731). GST (B) or
GST-NT (C) were added to extracts con-
taining rhodamine-labeled tubulin prior to
spindle assembly around sperm chromatin.
Fixed and sedimented spindles were stained
with anti-GST antibodies for visualization of
the GST fusion protein, and Hoecsht staining
allowed visualization of the DNA. (B) GST
added to extracts does not target to spindles
and does not affect spindle morphology. (C)
GST-NT targets to centromeres and causes
a misalignment of chromosomes on the spin-
dle. The scale bar represents 10 m.
The Minimal Centromere-Targeting Domain of XKCM1 antibody to the C terminus of XKCM1 that recognizes
endogenous XKCM1 but not the added GST-NT fusionResides in the First 149 Amino Acids
To determine the minimal requirements for the targeting protein. With control GST addition, the anti-XKCM1-CT
antibody stained centromeres that lined up along theof XKCM1 to centromeres, we made a series of trunca-
tions of the N-terminal centromere-targeting domain. metaphase plate, showing that endogenous XKCM1 is
present at centromeres (Figure 3A). The addition of GST-These deletion constructs were expressed as GST fu-
sion proteins and assayed for their ability to target to NT caused a loss of anti-XKCM1-CT staining of centro-
meres, showing that GST-NT prevented endogenouscentromeres of spindles assembled in extracts. Deletion
of any amino acids from the N terminus of this domain XKCM1 from assembling on centromeres (Figure 3B).
To explore further the requirement for XKCM1 in chro-abolished the ability of the GST fusion protein to target
to centromeres (Figure 2A). In contrast, targeting was mosome alignment, we added GST-NT to extracts after
spindle assembly, when chromosomes had alreadystill achieved when amino acids were deleted from the
C terminus of this domain. We found that the minimal aligned on the metaphase plate. Within 15 min of addi-
tion to preformed spindles, GST-NT displaced the boundXKCM1 domain that resulted in effective targeting to
centromeres was contained in the first 149 amino acids XKCM1 from the centromere and caused the chromo-
somes to become misaligned (Figure S1 in the Supple-of XKCM1. Some targeting was obtained with the first
116 amino acids of XKCM1, but it was very weak and mentary Material). These results suggest that associa-
tion/disassociation of XKCM1 at the centromere is anot reproducible. Therefore, we think that the region
between amino acids 116 and 149 contains information dynamic process. They also show that XKCM1 function
at the centromere is required not only for establishingnecessary for achieving full localization to the centro-
mere. Our findings complement studies showing that the chromosome alignment but also for maintaining it. Fi-
nally, we found that microtubules were not necessaryN-terminal domain of MCAK is essential for centromere
targeting [8, 9]. An alignment of this region between for GST-NT targeting to centromeres because treatment
of the extract with nocodazole did not decrease theCHO cell MCAK, human MCAK, and XKCM1 showed
that these proteins are 40% identical and 72% similar ability of GST-NT to target to centromeres (Figure S2 in
the Supplementary Material).(Figure 2B). It is notable from the alignment that most
of the homology resides within the first 110 amino acids,
in which there is 50% identity and 80% similarity. The Chromosome Misalignment Is Not Due to Loss
region that contains the highest degree of similarity is of CENP-E at Kinetochores
also the region that correlates with the minimal protein Misalignment of chromosomes is a phenotype observed
in which we obtained any targeting (GST-2-116). with inhibition of the kinesin-related protein CENP-E, so
it was possible that the GST-NT protein was inhibiting
the assembly of other proteins onto the centromere andAddition of GST-NT Prevents Endogenous XKCM1
from Binding to Centromeres that the chromosome misalignment phenotype was a
secondary consequence [10–12]. In the presence ofWe next checked to see whether the endogenous
XKCM1 was present on centromeres of spindles assem- GST, CENP-E was found to localize to kinetochores as
discrete paired dots that aligned on the metaphase platebled in the presence of GST-NT. To do this, we used an
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Figure 2. Mapping of Minimal Domain Re-
quired for Targeting to Centromeres
(A) Portions of the N-terminal globular domain
were fused to GST, expressed and purified,
and then added to extracts at a final concen-
tration of 2 M. The ability of each domain
to target to centromeres was assayed after
spindle assembly by staining with anti-GST
antibodies.  indicates strong targeting,
- indicates no targeting, and / indicates
weak targeting that was barely detectable.
The minimal effective domain for centromere
targeting resides in the first 149 amino acids
of XKCM1.
(B) Alignment of the centromere-targeting
domain for CHO cell MCAK (CgMCAK: ac-
cession number U11790), human MCAK
(HsMCAK: accession number U63743), and
XKCM1 (Accession number U36485).
(Figure 3C). The addition of GST-NT to the extracts dur- that the inhibition of centromere bound XKCM1 results
in chromosome alignment defects in embryonic systemsing spindle assembly did not abolish CENP-E staining of
kinetochores, showing that CENP-E was still assembled such as the Xenopus extract-assembled spindles but
that the defect is not the same in a somatic-cell spindle.properly onto kinetochores (Figure 3D). These data ar-
gue that there is not gross disruption of kinetochore This idea is supported by the observation that the mech-
anism of congression occurs by different mechanismsstructure in the presence of GST-NT.
One possible explanation of our misalignment pheno- in the two types of cells [13]. In addition, anaphase
chromosome segregation is also different between ex-type is that loss of XKCM1 from the centromeres causes
premature anaphase. We believe that this is not happen- tract spindles and cellular spindles. In somatic cells, as
chromosomes move toward the poles in anaphase A,ing for several reasons. First, the chromosomes do not
appear to be visibly disjoined into sister chromatids in this movement is coupled to depolymerization of micro-
tubules near the kinetochore [14–17]. In contrast, in Xen-the presence of GST-NT. Second, CENP-E can be seen
as paired dots on the chromosomes, suggesting that opus extract spindles, chromosomes appear to be
pulled poleward by microtubule flux, in which microtu-sister kinetochores are still paired (Figure 3D, inset).
Finally, we found that neither the endogenous XKCM1 bules are depolymerizing near the spindle poles [18].
nor GST-NT were detectable at centromeres during ana-
phase chromosome segregation in egg extract-assem- Model for Kin I Kinesin Function at Centromeres
We propose that the function of Kin I (Kinesin Internal)bled spindles (Figure S3), yet both were found at centro-
meres of metaphase-arrested spindles. Taken together, kinesins at the centromere is to help establish and main-
tain proper kinetochore microtubule attachments duringthese results strongly suggest that XKCM1 is needed
for the proper alignment of chromosomes and that its chromosome congression. In this model, CENP-E would
be required to achieve proper biorientation of chromo-inhibition at centromeres does not cause premature
anaphase. somes on the spindle [10–12], whereas XKCM1 could
contribute to congression by enhancing the depolymeri-Our finding that a loss of XKCM1 at centromeres re-
sults in a chromosome positioning defect is different zation of microtubules that are not properly attached to
the kinetochore. XKCM1 would therefore be an impor-from what was found when the mammalian homolog
MCAK was inhibited at centromeres. When a centro- tant player in helping to correct errors that occur during
congression. Although there is no direct evidence formere-targeting domain of MCAK was expressed in CHO
cells, only a defect in anaphase with lagging chromo- error correction in mitosis, it has been shown that defec-
tive kinetochore-microtubule attachments are correctedsomes was reported [9]. One possible explanation is
simply that these proteins are similar but not identical during meiotic-spindle assembly [19]. The proposed role
for Kin I kinesins in congression could explain why S.in structure and function. We believe that this is not the
case because overexpression of both proteins gives pombe klp5/klp6 mutants are delayed in metaphase
prior to anaphase onset and why there are genetic inter-similar effects in interphase cells [3, 5]. It is also possible
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Figure 3. Targeting of GST-NT to Centromeres Displaces Endogenous XKCM1 but not CENP-E
GST (A, C) or GST-NT (B, D) were added to extracts containing rhodamine-labeled tubulin prior to spindle assembly around sperm chromatin.
Fixed and sedimented spindles were stained with anti-XKCM1-CT (A, B) for visualization of endogenous XKCM1 or with anti-CENP-E (C, D)
for visualization of endogenous CENP-E as well as Hoecsht for DNA visualization. (A) GST added to extracts does not affect the localization
of XKCM1 to centromeres. (B) GST-NT added to extracts prevents endogenous XKCM1 from binding centromeres and causes chromosome
misalignment. (C) GST added to extracts does not affect the localization of CENP-E to kinetochores. (D) GST-NT added to extracts does not
affect the localization of CENP-E to kinetochores. The inset shows an enlarged region illustrating pairs of kinetochores that can be readily
visualized in this plane of the image. The scale bar represents 10 m.
actions between klp5/klp6 and components of the chores alters the number of microtubules attached to
each kinetochore, even transiently, then the balance ofcheckpoint machinery [20, 21]. In addition, it has been
reported that there is a slight delay in anaphase onset forces on each kinetochore would be altered, and the
net result would be a displacement of chromosomesin cells overexpressing the centromere-targeting do-
main of MCAK [9]. from the metaphase plate. This effect may be enhanced
in extracts because these spindles are arrested at meta-The balance of forces on kinetochores is probably
different between somatic cell spindles and spindles phase, so we can easily visualize any imbalance of
forces.assembled in frog egg extracts because the spindles in
extracts are dominated by poleward-directed forces due Another interesting possibility is that without an effec-
tive error correction mechanism, some of the chromo-to microtubule flux ([18, 22]; Maddox and Salmon, per-
sonal communication). If the loss of XKCM1 at kineto- somes may remain improperly attached to the spindle.
Brief Communications
1889
T.J. (1997). CENP-E function at kinetochores is essential forIt has been reported that chromosomes attached to the
chromosome alignment. J. Cell Biol. 139, 1373–1382.spindle in a merotelic fashion, i.e., with microtubules
12. Chan, G.K., Schaar, B.T., and Yen, T.J. (1998). Characterizationfrom both poles connecting to a single kinetochore, can
of the kinetochore binding domain of CENP-E reveals interac-
properly congress to the spindle equator but will often tions with the kinetochore proteins CENP-F and hBUBR1. J.
lag behind in anaphase [23, 24]. If the loss of XKCM1/ Cell Biol. 143, 49–63.
13. Kapoor, T.M., and Compton, D.A. (2002). Searching for the mid-MCAK at kinetochores causes an increase in chromo-
dle ground: mechanisms of chromosome alignment during mito-somes that are attached in a merotelic orientation, then
sis. J. Cell Biol. 157, 551–556.it would explain why there is a lagging chromosome
14. Gorbsky, G.J., Sammak, P.J., and Borisy, G.G. (1987). Chromo-defect in cells expressing dominant-negative versions
somes move poleward in anaphase along stationary microtu-
of MCAK protein. An important goal for future studies bules that coordinately disassemble from their kinetochore
will therefore be to examine in high resolution the inter- ends. J. Cell Biol. 104, 9–18.
15. Gorbsky, G.J., Sammak, P.J., and Borisy, G.G. (1988). Microtu-action of kinetochores with microtubules in spindles in
bule dynamics and chromosome motion visualized in living ana-which XKCM1/MCAK function has been blocked.
phase cells. J. Cell Biol. 106, 1185–1192.
16. Mitchison, T.J., and Salmon, E.D. (1992). Poleward kinetochoreSupplementary Material
fiber movement occurs during both metaphase and anaphase-Supplementary Experimental Procedures as well as three supple-
A in newt lung cell mitosis. J. Cell Biol. 119, 569–582.mentary figures are available with this article online at http://images.
17. Wadsworth, P., and Salmon, E.D. (1986). Analysis of the tread-cellpress.com/supmat/supmatin.htm.
milling model during metaphase of mitosis using fluorescence
redistribution after photobleaching. J. Cell Biol. 102, 1032–1038.Acknowledgments
18. Desai, A., Maddox, P.S., Mitchison, T.J., and Salmon, E.D.
(1998). Anaphase A chromosome movement and poleward spin-We wish to thank Tim Yen for antibodies to CENP-E. We thank
dle microtubule flux occur at similar rates in Xenopus extractRebecca Heald and Jane Stout for comments on the manuscript.
spindles. J. Cell Biol. 141, 703–713.This work was supported by grants from the National Institutes of
19. Nicklas, R.B., and Ward, S.C. (1994). Elements of error correc-Health to C.E.W. and T.J.M., post-doctoral fellowships from the
tion in mitosis: microtubule capture, release, and tension. J.European Molecular Biology Organization and the American Cancer
Cell Biol. 126, 1241–1253.Society to A.D., and an American Heart Association predoctoral
20. Garcia, M.A., Koonrugsa, N., and Toda, T. (2002). Two kinesin-fellowship to S.K.S. C.E.W. is a scholar of the Leukemia and Lym-
like Kin I family proteins in fission yeast regulate the establish-phoma Society.
ment of metaphase and the onset of anaphase A. Curr. Biol.
12, 610–621.Received: June 7, 2002
21. West, R.R., Malmstrom, T., and McIntosh, J.R. (2002). KinesinsRevised: August 6, 2002
klp5 and klp6 are required for normal chromosome movementAccepted: September 5, 2002
in mitosis. J. Cell Sci. 115, 931–940.Published: October 29, 2002
22. Sawin, K.E., and Mitchison, T.J. (1991). Poleward microtubule
flux in mitotic spindles assembled in vitro. J. Cell Biol. 112,References
941–954.
23. Khodjakov, A., Cole, R.W., McEwen, B.F., Buttle, K.F., and Rie-1. Hunter, A.W., and Wordeman, L. (2000). How motor proteins
der, C.L. (1997). Chromosome fragments possessing only oneinfluence microtubule polymerization dynamics. J. Cell Sci. 113,
kinetochore can congress to the spindle equator. J. Cell Biol.4379–4389.
136, 229–240.2. Desai, A., Verma, S., Mitchison, T.J., and Walczak, C.E. (1999).
24. Cimini, D., Howell, B., Maddox, P., Khodjakov, A., Degrassi, F.,Kin I kinesins are microtubule-destabilizing enzymes. Cell 96,
and Salmon, E.D. (2001). Merotelic kinetochore orientation is a69–78.
major mechanism of aneuploidy in mitotic mammalian tissue3. Maney, T., Wagenbach, M., and Wordeman, L. (2001). Molecular
cells. J. Cell Biol. 153, 517–527.dissection of the microtubule depolymerizing activity of mitotic
centromere-associated kinesin. J. Biol. Chem. 276, 34753–
34758.
4. Walczak, C.E., Mitchison, T.J., and Desai, A. (1996). XKCM1:
a Xenopus kinesin-related protein that regulates microtubule
dynamics during mitotic spindle assembly. Cell 84, 37–47.
5. Kline-Smith, S.L. (2002). The Microtubule destabilizing kinesin
XKCM1 regulates microtubule dynamic instability in cells. Mol.
Biol. Cell, 13, 2718–2731.
6. Wordeman, L., and Mitchison, T.J. (1995). Identification and
partial characterization of mitotic centromere-associated
kinesin, a kinesin-related protein that associates with centro-
meres during mitosis. J. Cell Biol. 128, 95–104.
7. Vale, R.D., and Fletterick, R.J. (1997). The design plan of kinesin
motors. Annu. Rev. Cell Dev. Biol. 13, 745–777.
8. Wordeman, L., Wagenbach, M., and Maney, T. (1999). Mutations
in the ATP-binding domain affect the subcellular distribution of
mitotic centromere-associated kinesin (MCAK). Cell Biol. Int.
23, 275–286.
9. Maney, T., Hunter, A.W., Wagenbach, M., and Wordeman, L.
(1998). Mitotic centromere-associated kinesin is important for
anaphase chromosome segregation. J. Cell Biol. 142, 787–801.
10. Wood, K.W., Sakowicz, R., Goldstein, L.S.B., and Cleveland,
D.W. (1997). CENP-E is a plus end-directed kinetochore motor
required for metaphase chromosome alignment. Cell 91,
357–366.
11. Schaar, B.T., Chan, G.K.T., Maddox, P., Salmon, E.D., and Yen,
